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ABSTRACT 


The  results  of  an  experimental  investigation  of  the 
effect  of  water  vapor/hydrogen  environments  on  the 
mechanical  properties  of  columbium  and  the  B-66 
columbium  alloy  are  presented.  Tensile  tests  were 
conducted  on  specimens  of  these  materials  in  water 
vapor/hydrogen  envirotuaents  with  H^/B2  mixture  ratios 
of  1  and  3> 

This  abstract  is  subject  to  special  ezpox-t  controls 
and  each  transmittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior  approval  of  the 
Metals  and  Ceramics  Division,  MAMP,  Air  Force  Materials 
Laboratory,  Wright-Pattersou  Air  Force  Base,  Ohio,  45433. 
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imODIICTION 


Coluffibium  and  columbium  alloys  have  certain  characteristics  vhich  make 
them  quite  attractive  for  use  in  such  applications  as  advanced,  regenera¬ 
tive]  y  cooled  rccket  engine  thrust  chambers  and  ramjets  which  involve  high 
heat  fluxes  and  high  temperatures.  However,  it  has  been  established  that 
und'jr  certain  conditions,  columbium  and  its  alloys  are  susceptible  to  em¬ 
brittlement  and  deterioration  in  the  presence  of  hydrogen  and  water  vapory^ 
hydrogen  mixtures.  Because  these  environments  will  exist  in  the  ap¬ 
plications  indicated  above,  it  is  necessary  to  evaluate  the  seriousness 
of  this  problem  under  the  appropriate  conditions. 

There  are  published  data  showing  that  columbium  is  susceptible  to  hydro¬ 
gen  embrittlement  at  least  below  a  temperature  of  200  F.  Recent  work 
(Ref.  l)  indicates  that,  under  some  conditions,  embrittlement  of  colum¬ 
bium  by  hydrogen  can  occur  at  temperatures  as  high  as  800  F.  A  program 
conducted  at  Rocketdyne  indic.ited  that  a  columbium  alloy,  B-66,  also  suf¬ 
fers  loss  of  ductility  from  hydrogen  at  temperatures  up  to  800  F.  There 
are  only  very  limited  data  on  the  solubility  and  rate  of  hydrogen  absorp¬ 
tion  into  columbium  at  high  h3^ro"en  pressures.  There  were  no  previous 
data  on  the  effect  of  water  vapor/hydrogen  mixtures  on  the  mechanical 
properties  of  columbium. 

Three  primary  areas  will  require  investigation  to  accumulate  the  necessary 
information  for  the  proper  assessment  of  compatibility  under  simulated 
rocket  engine  eind  ramjet  environments:  (l)  the  effect  of  hydrogen  at 
high  pressures  and  elevated  temperatures  on  mechanical  properties,  (2) 
the  solubility  and  rates  of  absorption  and  desorption  of  hydrogen  at  high 
temperatures  and  high  hydrogen  ]ressures,  and  (3)  the  effect  of  water  vapor/^ 
hydrogen  environments  on  mechanical  properties. 

This  report  presents  the  results  of  an  experimental  investigation  of  the 
effect  of  water  vapor/hydrogen  environments  on  the  mechanical  properties 
of  columbium  and  the  B-6&  columbium  alloy. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURES 


The  effect  of  vater  vapor/hydrogen  environments  on  the  mechanical  properties 
of  columbium  and  the  B-66  alloy  was  determined  under  conditions  chosen  to 
simulate,  except  for  pressure,  those  to  which  materials  would  be  exposed  in 
hydrogen/oxygen  fueled  rocket  or  ramjet  engines.  Two  E^O/E^  mixture  ratios, 
3  and  1,  corresponding  to  the  two  limits  currently  used  in  hydrogen/oxygen 
engine  operation  were  employed  during  these  tests.  These  mixture  ratios 
are  on  a  volume  basis.  Figure  1  relates  this  mixture  ratio,  which  will 
be  used  throughout  this  report  because  it  gives  a  better  indication  of  the 
actual  environment  involved,  to  the  oxygen/hydrogen  weight  ratio  which  is 
more  commonly  used  in  presenting  oxidizer/fuel  ratios  for  propulsion  systems 


M\TERIAIB 

The  materials  used  during  this  program  were  electron-beam  melted  columbium 
purchased  from  Fansteel  Metallurgical  Corp.  and  B-66  columbium  alloy  (Cb 
5V-5Mo-lZr)  purchased  from  Westinghouse  Electric  Corp.  Each  of  these 
materials  was  purchased  in  the  form  0.030-inch-tuick  sheet  for  the  tensile 
tests  in  water  vapor/hydrogen  environments. 

Metal lographic  examination  showed  that  the  columbium  sheet  was  in  the 
recrystallized  condition,  and  the  B-66  alloy  sheet  was  approximately  one- 
half  recrystallized.  Chemistry  and  fabrication  data  for  the  materials 
are  presented  in  Tables  1  and  2. 


APPARATUS 

The  tensile  tests  in  water  vapor/hydrogen  environments  were  conducted  in 
a  Marshall  tube  furnace  which  has  molybdenum  disilicide  heating  elements 
and  which  was  used  in  conjunction  with  a  60,000-pound  Baldwin  tensile 
testing  machine. 
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TABLE  1 


CHEMICAL  CCMPOSITION  OF  COLDMBIUM  SHEEP 
(O. 030-inch- thick  sheet) 
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TABLE  2 


CHEMICAL  COMPOSITION  AND  FABBICATION  HESTOHI  OF 
B-66  COIBMBIDM  ALLOY  SHEET 
(0.030-lnch-thick  sheet) 


.ement 

Chemical  Analysis 

Mo 

5.03  percent 

1. 

V 

4.76  percent 

Zr 

0.89  percent 

2^ 

0 

165  ppm 

3. 

N 

74  ppm 

4. 

C 

80  ppm 

Cb 

Remainder 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 


Fabrication  History  Steps 

Double  electron-beast  melted  and 
vacuust-arc  remelted  into  8-inch- 
diameter  ingot 

Extruded  to  3*-  by  6-inch  bar 

Annealed  at  I65O  C 

Forged  to  1-1/2-  by  9-  by  18-1/2- 
inch  slab 

Annealed  at  1550  C 

Forged  to  1-  by  12-  by  21-inch 
plate 

Vacuum  annealed  at  1375  C 

Warm  rolled  to  0.135“inch- thick 
sheet 

Vacuum  aimealed  at  1375  C 

Warm  rolled  to  0.050-inch-tbick 
sheet 

Vacuum  annealed  at  1375  C 

Cold  rolled  to  0.030-inch-thick 
sheet 

Stress  relieved  at  985  C  for 
1  hour 


A  systenii  similar  to  that  used  by  Battles  (Ref.  2)  was  constructed  for 
generating  the  water  vapor/hydrogen  mixtures.  In  addition,  an  apparatus 
for  analyzing  the  water  vapor/hydrogen  mixture  ratio  has  been  added  to 
the  gas  system.  A  method  for  analyzing  the  gas  mixture  was  deemed  neces¬ 
sary  to  ascertain  that  water  vapor  is  not  condensed  in  the  cooler  regions 
of  the  tensile  furnace  as  well  as  to  ensure  that  saturation  is  achieved 
in  the  constant-temperature  bath. 

A  schematic  representation  of  the  water  vapor/hydrogen  testing  system  is 
shown  in  Fig.  2.  Hydrogen  used  during  these  tests  is  purified  hy  a  cat¬ 
alytic  De-oxo  unit  converting  oxygen  to  water  vapor.  The  water  is  col¬ 
lected  in  a  desiccant  and  all  impurities  are  reduced  to  less  than  1  ppm 
total  (Ref .  3)  by  collection  in  a  molecular  sieve  at  the  temperature  of 
boiling  nitrogen. 

The  purified  hydrogen  flowrate  is  measured  by  a  flowmeter,  and  is  then 
bubbled  into  a  presaturator  containing  an  internally  controlled  heater 
and  two  external  heaters.  The  water  vapor/hydrogen  mixture  is  then  sent 
through  the  saturator  which  for  tests  performed  at  1.00  H^O/Sg  environ¬ 
ment  consisted  of  two  bottles  containing  water  and  having  frit  entry  ports 
and  a  third  bottle  for  mist  collection.  These  bottles  were  immersed  in  a 
precisely  controlled  constant-temperature  bath.  All  the  tubing  transport¬ 
ing  water  vapor  is  heated  with  heating  tapes.  The  generated  water  vapor/ 
hydrogen  mixture  enters  the  tensile  furnace  at  the  top,  then  flows  through 
the  fiirnace  and  out  the  bottom. 

Water  is  prevented  from  condensing  in  the  Marshall  tube  furnace  by  piuaping 
hot  Dow  Corning  200  fluid  (230  to  250  F)  through  the  pull  rods  and  throu^ 
the  cooling  coils  protecting  the  O-rings  from  overheating  at  very  high 
furnace  temperatiwes . 

To  maintain  a  pure  water  vapor/hydrogen  atmosphere,  all  the  Buna-N  0-rings 
in  the  Marshall  furnace  have  been  replaced  by  Viton  A  0-rings.  The  ball 
and  socket  joints  in  the  water  vapor/hydrogen  apparatus  are  lubricated 
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with  Dow  Corning  silicone  vacuum  grease  which  has  a  vapor  pressure  of 

5.8  X  lO”^  mm  Hg  (7.62  x  10~^  atmospheres)  at  100  C.  All  the  joints  in 

the  saturator  are  0-ring  type  containing  Viton  A  0-ringa.  The  tempera- 

tiure  controller  and  knife  heater  are  held  in  the  presaturator  with  neo- 

-4  /  -7 

prene  stoppers  which  have  a  vapor  pressure  of  1.1  x  10  no  Hg  (1.45  x  10 
atmosjdieres)  at  100  C. 

Difficulty  was  encountered  in  obtaining  the  correct  water  vapor  content 
in  the  gas  for  the  mixture  ratio  of  3.  This  difficulty  was  traced 

to  the  pressure  drop  across  the  two  water-containing  bottles  of  the 
constant-temperature  bath.  Such  a  pressure  drop  decreases  the  relative 
water  content  in  the  system.  To  reduce  this  pressure  drop,  the  gas  gen¬ 
erating  system  was  modified  to  include  three  bottles  plus  a  mist  collector 
in  the  constant-temperature  bath.  The  first  bottle  contains  a  coarse 
frit;  the  second  bottle  contains,  in  place  of  the  frit,  glass  tubing  with 
small  holes  through  which  the  gas  passes.  In  the  third  bottle,  the  gas 
passes  over  the  water  instead  of  bubbling  through  it.  The  schematic  rep¬ 
resentation  of  the  system  in  Fig.  2,  includes  these  changes. 

For  the  H^O/Hg  mixture  ratio  of  3i  it  was  found  necessary  to  adjust  the 
temperature  of  the  constant-temperature  bath  prior  to  each  test  because 
a  small  change  in  the  barometric  pressure  causes  an  appreciable  change 
on  the  water/hydrogen  ratio.  For  example,  an  increase  of  barometric  pres¬ 
sure  from  740  to  745  nun  Hg  would  decrease  the  ratio  from  3.00  to 

2.92  if  the  constant-temperature  bath  setting  was  not  changed  accordingly. 

A  similar  change  in  the  barometric  pressure  would  reduce  the  1.00  HgO/Hg 
mixture  ratio  to  0.987.  This  reduction  was  considered  sufficiently  small 
so  that  compensations  for  changes  in  barometric  pressure  were  not  required 
for  the  1.00  mixtui'e  ratio. 

Gas  analysis  consists  of  collection  of  water  by  a  glass  bottle  filled  with 
anhydrone  [Mg  (CIO^)^]  which  is  weighed  before  and  after  to  measure  the 
water  content.  The  water-free  hydrogen  is  then  passed  throng  a  flowmeter 
and  the  exact  volume  is  measured  by  liquid  displacement.  Initially,  water 
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was  used  as  the  liquid  nedium  but  silicone  oil  was  later  substituted  for 
water  to  eliminate  the  vapor  pressure  of  the  displacement  liquid  as  a 
significant  variable  in  this  measurement.  A  manometer  measures  the  hy¬ 
drogen  vapor  pressure  over  the  silicone  oil  in  the  liquid  displacement 
bottle,  so  that  the  pressure  is  known  and  can  be  made  the  same  at  the 
finish  of  the  measurement  as  at  the  start.  The  use  of  this  manometer 
significantly  reduced  the  scatter  of  the  analyses.  The  pressure  drop 
across  the  gas  analyzer  is  also  measxu’ed  by  a  manometer.  This  informa¬ 
tion  is  needed  for  determining  the  theoretical  HgO/Bg  ratio  obtained  from 
the  constant-temperature  bath. 

Analysis  of  the  gases  from  the  water  vapor/bydrogen  generating  apparatus 
for  the  nominally  mixture  ratio  of  1.00  environment  were  made  be¬ 

fore  and  after  entering  the  tensile  furnace,  and  the  analysis  indicate 
that  the  ratio  varies  within  1.00  ±0.05  for  hydrogen  flowrates  be¬ 

tween  233  and  363  cc/min.  Therefore,  from  these  tests  there  is  no  indi¬ 
cation  of  water  condensation  in  the  cool  furnace  ends. 

Because  of  the  large  density  difference  between  hydrogen  and  water  vapor, 
hydrogen  may  preferentially  accumulate  at  the  upper  region  of  the  furnace. 

If  segregation  occurs,  it  would  be  expected  that  a  higher  than  normal 
water  content  would  be  evolved  from  the  ftirnace  until  steady  state  was 
reached.  To  test  this,  an  analysis  was  made  15  minutes  after  the  1  HgO/ttg 
vapor  mixture  entered  the  tensile  furnace  to  replace  argon  at  400  F.  The 
flowrate  was  such  that  during  the  15-ainute  period  of  the  HgO/lIg  gas  flow, 
the  quantity  of  gas  mixtux'e  passing  through  the  furnace  was  equal  to  seven 
times  the  furnace  volume-.  The  results,  however,  did  not  indicate  above- 
normal  water  content  which  would  suggest  that  gas  segregation  is  negligible. 
Furthermore,  it  is  thought  that  the  midpoint  in  the  furnace,  where  the 
specimen  is  located,  would  have  close  to  an  average  HgO/lIg  vapor-gas  mix¬ 
ture  even  if  some  gas  segregation  had  occurred. 

The  possibility  of  gas  segregation  in  the  tensile  furnace  with  the  3  HgO/^ 
mixture  ratio  environment  was  tested  by  the  same  method  as  was  used  for  the 
1  HgO/Hg  environment.  An  analysis  was  made  15  and  55  minutes  after  the 


10 


HgO/lIg  sristuro  entered  the  tensile  furnace  to  replace  argon  at  400  F.  The 
results  indicated  mixture  ratios  of  3.3  and  3.02,  respectively.  A  second 
series  of  analyses  vas  conducted  15,  45,  and  65  minutes  after  the  HgO/Hg 
mixture  entered  the  furnace  and  the  results  vere  2.85,  2.86,  and  2.98, 
respectively.  The  mixtrre  ratios  for  the  second  series  of  tests  vere 
essentially  vithin  the  2.90  ±0.07  range  that  vas  being  obtained  from  the 
H2O/H2  analyses  at  that  time.  On  the  basis  of  the  second  series  of  tests, 
it  vas  concluded  that  there  is  no  significant  gas  separation  in  the  ten¬ 
sile  test  furnace. 

Distilled  vater  vas  used  in  the  gas  generating  system  for  the  tests  on 
the  B-66  alloy  in  the  1  and  3  HgO/Hg  mixture  ratio  environments  and  on 
columbium  in  the  1  HgO/lIg  mixture  ratio  environment.  Prior  to  performing 
the  tests  on  columbium  in  the  3  HgO/Hg  mixture  ratio  environment,  the 
system  vas  cleaned  and  refilled  vith  deionized-distilled  vater  instead  of 
the  distilled  vater  previously  used.  After  refilling  the  system  vith  de¬ 
ionized-distilled  vater,  the  manometer  vas  installed  for  the  first  time 
on  the  liquid  displacement  bottle  of  the  gas  analysis  apparatus. 

Prior  to  performing  the  tests  on  the  B-66  alloy  in  the  nominally  3  HgO/Hg 
mixture  ratio  environment,  the  gas  environment  vas  analyzed  as  2.90  ±0.07. 
The  changes  made  before  performing  the  tests  on  columbium  resulted  in  a 
measured  HgO/Hg  mixture  ratio  of  3.00  ±0.03  vhich  is  near  the  limit  of 
accuracy  of  the  gas  generating  apjtaratus,  vhich  is  detexrmined  by  the  ±0.5  P 
accuracy  of  the  temperature  measurements  in  the  constant-temperature  bath. 

In  summary,  it  vas  established  that  no  significant  separation  of  the  hy¬ 
drogen  and  vater  vapor  occurred  in  the  tensile  furnace.  The  nominally 
1.00  HgO^  mixture  ratio  environments  had  mixture  ratios  varying  vithin 
1.00  ±0.05.  For  the  B-66  alloy,  the  nominally  3.00  HgOg  mixture  ratio 
environments  actually  had  mixture  ratios  of  2.90  ±0.07  vhile  for  pure 
columbium  the  mixture  ratios  vere  3.00  ±0.03.  For  the  remainder  of  this 
report  the  HgO/Hg  environments  vill  bo  referred  to  by  their  nominal  values 
of  1  and  3. 


PnOCEDUBE 


These  tests  were  performed  using  approximately  the  sane  test  sequence 
previously  used  (Ref.  4)  to  ascertain  the  compatibility  of  columbium  and 
tantalum  with  hydrogen  at  1  atmosphere  of  pressure.  The  specimens  were 
heated  to  the  test  temperature  in  purified  argon  and  the  water  vapor/ 
hydrogen  mixture  was  introduced  after  the  temperature  was  stabilized. 
Following  introduction  of  the  water  vapor/hydrogen  atmosphere^  a  stress 
equal  to  50  percent  of  the  room-temperature  yield  strength  of  the  speci¬ 
mens  was  applied.  This  stress  corresponds  to  48,800  and  20,250  psi  for 
B-66  and  columbium  specimens,  respectively.  The  stress  was  maintained  for 
50  minutes,  and  the  specimen  then  was  tested  to  failure  at  a  relatively 
slow  strain  rate.  This  test  sequence  was  designed  to  simulate  some  of  the 
main  features  of  actual  engine  operation.  The  preloeid  during  exposure  to 
the  HgO/Hg  environment,  at  various  test  temperatures,  is  representative  of 
stresses  due  to  internal  pressure  in  thrust  chamber  tubing  for  regnenera- 
tively  cooled  engines.  The  stress  level  in  these  tubes  is  nearly  constant 
and  of  the  same  magnitude  as  used  during  the  tests.  Furthermore,  the  tubes 
extend  from  the  combustion  chamber,  through  the  throat,  and  along  the  skirt 
of  the  engine,  therefore  experiencing  a  wide  range  of  temperatures  while 
exposed  to  an  HgO/Hg  environment.  Many  parts  of -the  engine  operate  under 
conditions  of  temperature  and  stress  which  put  them  into  the  plastic  region 
during  firing.  By  using  a  very  low  strain  rate,  the  specimens  may  be  ex¬ 
posed  to  the  HgO/Hg  environment  for  reasonably  long  periods  of  time  while 
undergoing  plastic  strain.  The  tensile  tests  were  load  paced  at  120  Ib/min 
or  l6,000  psi/min  for  the  l/4  inch  by  0.030  inch  cross-section  specimens. 
This  load  rate  corresponded  to  a  0.001  in. /in.  min  strain  rate  from  0  load 
to  the  yield  point.  The  strain  rate  from  the  yield  point  to  the  ultimate 
strength  was  approximately  0.08  in. /in.  min  for  columbium  and  approximately 
0.03  in. /in.  min  for  B-66.  The  length  of  time  the  specimens  were  in  the 
plastic  range  was  approximately  3  minutes  for  the  columbium  specimens  and 
approximately  4  minutes  for  the  B-66  specimens.  Previous  tensile  tests  in 
pure  hydrogen  conducted  at  Rocketdyne  (flef.  4)  were  performed  at  similar 
strain  rates. 


The  temperature  gradient  over  the  l-l/8-inch-long  reduced  section  vas 
±3  F/linear  inch  during  the  400  to  1500  F  tests.  The  indicating  thermo¬ 
couple  was  located  approximately  l/8  inch  from  the  specimen  near  the  cen¬ 
ter  of  the  specimen,  and  this  temperature  was  held  within  ilO  F  during 
the  test.  Therefore,  during  the  test,  the  temperature  in  the  reduced 
section  varied  within  ±13  F  of  the  desired  temperature. 

The  effect  of  previous  t-Jtposure  to  hydrogen  or  "hydrogen  activation"  on 
the  susceptibility  of  the  materials  tc  embrittlement  from  the  HgO/Hg  en¬ 
vironment  was  also  tested.  The  activation  process  used  consisted  of 
thermal  cycling  between.  1500  and  900  F  followed  by  outgassing  in  flowing 
inert  gas  at  I5OO  F.  Previous  work  on  columbium  (Hef.  l)  has  shown  that 
such  treatment  markedly  affects  the  hydrogen  absorption  process,  in  fact, 
attainment  of  equilibrium  solubility  of  hydrogen  at  temperatures  below 
approximately  1100  F  can  only  be  attained  in  reasonable  times  in  specimens 
which  have  undergone  an  activation  treatment.  The  most  significant  feature 
of  the  activation  process  is  the  large  difference  in  solubility  of  hydrogen 
at  the  upper  and  lower  temperatures,  so  that  thermal  cycling  will  cause 
large  quantities  of  hydrogen  to  he  absorbed  and  desorbed.  The  upper  tem¬ 
perature  is  probably  not  very  critical  because  the  solubility  varies  slowly 
with  temperature  above  approximately  1400  F.  In  the  vicinity  of  900  P, 
however,  the  solubility  changes  rapidly  with  temperature.  A  slightly  highe 
temperature  would  result  in  significantly  less  hydrogen  absorption,  and 
possibly  less  of  an  activation  effect.  The  treatment  used  for  the  present 
work  included  three  thermal  cycles  from  I5OO  to  900  P,  with  moderate  heat¬ 
ing  and  cooling  rates  and  no  hold  time  at  the  temperatures.  At  900  F, 
after  the  third  cycle,  the  hydrogen  gas  was  replaced  with  helium,  the 
specimen  was  heated  to  I5OO  F,  held  for  0.5  hour  to  outgas,  and  furnace 
cooled.  Typical  weight  gains  of  10  to  20  ppm  were  noted;  presumably  part 
of  this  is  oxygen,  hut  even  if  it  were  all  hydrogen,  it  would  he  a  rela¬ 
tively  small  quantity. 

Previous  work  (itef,  4)  has  shora  that  this  hydrogen  activation  heat  treat¬ 
ment  increased  the  degree  oi  embrittlement  which  occurred  during  tests 
conducted  in  hydrogen  on  7-66  sheet  specimens.  Thermal  cycling  of  a 
propulsion  system  by  frequent  engine  starting  could  result  in  hydrogen 
activation  when  exposed  to  an  HgO/Hg  environment.  If  the  material  were 
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protected  by  oxidation  protection  coatings,  hydrogen  absorption  could 
occur  although  the  coatings  stay  protect  against  oxidation.  Also,  therffial 
cycling  uncoated  speciaens  between  1500  and  900  F  may  oxidize  and  therein 
embrittle  the  specimens  n^ing  it  difficult  to  properly  evaluate  the  actual 
test  environment.  Therefore,  it  was  felt  that  for  uncoated  specimens 
activation  by  thermal  cycling  in  hydrogen  would  better  simulate  actual 
propulsion  conditions  and  enable  better  evaluation  of  the  test  results 
than  would  thermal  cycling  in  HgO/Hg  environment. 

The  desigii  of  the  tensile  specimens  is  shown  in  Fig-  3-  The  specimens 
were  fabricated  so  that  the  longitudinal  axis  was  parallel  to  the  rolling 
direction. 


Figure  3.  Tensile  Specimen  Design  for  Testing  in 
Water  Vapor/Hydrogen  Environments 
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RESUIfl'S  AND  DISCUSSION 


The  results  of  mechanical  tests  performed  on  columbium  and  the  B-66  colum- 
bium  alloy  in  water  va nor/hydrogen  environments  with  E^O/E^  mixture  ratios 
of  1  and  3  are  tabulated  in  Tables  3  and  4.  Table  5  contains  the  results 
of  hydrogen  and  oxygen  analyses  performed  on  the  tested  specimens. 


EFFECT  OF  WATER  VAPOR/HYDROGEN  MVIRONMENTS  ON  COLUMBIUM 


The  ductility  of  columbium  specimens  tested  in  HgO/Hg  environments  with 
mixture  ratio  s  of  1  and  3  are  plotted  in  Pig.  4  and  5»  respectively. 

The  data  indicate  that  there  are  two  temperature  regions  of  low  ductility, 
one  near  400  F  and  the  other  near  1050  F.  The  ductility  minimum  at  400  F 
occurs  for  tests  conducted  in  an  inert  atmosphere  as  well  as  in  the  water 
vapor/hydrogen  atmosphere.  However,  the  ductility  of  the  specimens  tested 
in  the  1  and  3  E^O/E^  environments  was  somewhat  less  than  the  ductility 
of  til''  specimen  tested  in  argon.  There  was  no  indication  of  oxidation 
during  the  400  F  tests  and  the  hydrogen  and  oxygen  absorption  was  also 
very  low. 

The  percent  elongation  at  1050  F  was  approximately  20  for  the  tests  in  both 
HgO/Hg  environments  compared  to  3S-percent  elongation  obtained  from  tests 
performed  in  argon.  The  decrease  of  ductility  at  this  temperature  is 
accompanied  by  secondary  cracking  and  surface  oxidation.  Secondary  crack¬ 
ing  refers  to  surface  cracks  that  Eire  formed  in  the  reduced  section,  usu¬ 
ally  in  the  necked-down  region  neeir  the  fracture.  The  secondaury  cracks 
in  the  B-66  specimens  are  observable  with  the  naked  eye  aind  appear  pau^al- 
lel  to  the  fractui'e  surface.  The  oxygen  contents  absorbed  by  columbium 
during  the  tests  at  IO5O  F  were  approximately  1350  aind  900  ppm  for  the 
tests  conducted  in  the  1  eind  3  HgO/Hg  environments,  respectively.  The 
hydrogen  pickup  was  I09  ppm  for  tests  in  the  1  E^O/E^  environment  and 
approximately  60  ppm  for  the  3  E^O/E^  environment. 
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P«re«at  alMifatiM  «T«r  X>l/S>ia«k  laafik 

Tatal  wi^t  af  caloakltai  !•  appraziMtalj  9  stm* 

Ftreaat  alMigatiMi  arvr  l«0*iack  laactk 
K*  aica  of  •xidatiaa 
Ko  altlMU  straacU  ^bteia*4 


BESUUPS  OF  TENSILE  TESTS  ON  B-66  COISMBIUM  AUjOY 
IN  h_o/h„  ENVIBONMEWTS 


[a)  P«re«Qt  •Itafatlra  ertr  X«l/&-ineh  Itagth 

[b)  Total  wolght  of  eoltablva  aiki  B-66  opoelJMDi  is  spprezisstoljr  9  craao 
^c)  No  oiffB  of  oxidstloa 


TABLE  5 
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TABLE  3 
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Figure  4.  Ductility  of  Coltunbiun  as  a  Function  of  Teaq^erature  in  B^O/^ 
EnrironiBenta  With  a  B^O/E^  Mixture  Batio  of  1.00 


The  ductility  increased  vith  increasing  teeiperature  above  1050  Ff -but' 
vas  sonevfaat  lower  at  1200  and  I5OO  F  for  tests  conducted  in  the  1  I^O/^ 
environment  than  for  tests  conducted  in  argon.  For  tests  conducted  at 
1200  F  in  the  3  E2O/S2  environment,  the  data  displayed  some  scatter  ^t 
the  ductility  vas  definitely  higher  than  for  tests  at  this  temperature  u 
the  1  HgO/Hg  environment.  At  I5OO  F  in  the  3  HgO/Hg  environment,  the  de^ 
crease  in  ductility  from  tests  conducted  in  argon  vas  approximately  half 
as  large  as  the  decrease  for  tests  in  the  1  HgO/^  environment.  Appreciable 
surface  discoloration  and  osygen  and  hydrogen  absorption  resulted  from 
the  5O-  to  60-ainate  exposure  to  the  H^O/Sg  environments,  but  the  oxide 
coating  that  vas  formed  vas  quite  adherent,  more  adherent  than  oxide  coat¬ 
ings  formed  in  air  at  these  temperatures. 


To  more  closely  simulate  actual  engine  operating  conditions,  all  specimens 
were  brought  to  test  temperature,  exposed  to  the  teat  environment,  and 
then  subjected,  for  0.5  hour,  to  a  preload  of  50  percent  of  the  room  tem¬ 
perature  yield  strength,  or  20,250  psi.  This  stress  vas  found  to  be 
higher  than  the  ultimate  strength  of  columbium  at-  I5OO  F,  so  the  first 
specimen  tested  at  this  temperature  failed  during  application  of  the  pre¬ 
load.  As  a  check  on  the  validity  of  data  obtained  during  this  I5OO  F 
test,  another  test  vas  performed  wherein  the  preload  vas  limited  to  10,000 
psi  (for  0.5  hour)  after  which  the  specimen  was  loaded  to  failure  at  the 
normal  strain  rate.  The  strength  and  elongation  values  from  this  latter 
test  agreed  with  the  values  from  the  test  under  similar  conditions  in 
which  failure  occurred  during  preload  application.  The  weight  gain  in 
the  specimen  preloaded  to  10,000  psi  was  greater  because  of  the  longer 
time  of  exposure  to  the  water  vapor/hydrogen  environment. 

Tests  performed  at  400,  6OO,  and  IO5O  F  in  the  1  HgO/^  environment  on 
specimens  which  had  previously  been  hydrogen  activated  showed  that  the 
activation  heat  treatment  had  no  effect  on  the  ductility.  Earlier  work 
(Hef.  4)  had  shown  a  decrease  in  ductility  for  activated  columbium  spec¬ 
imens  tested  in  pure  hydrogen  (l  atmosphere).  Because  this  adverse  effect 
on  ductility  was  eliminated  by  reducing  the  hydrogen  pressure  to  the  O.5 
atmosphere  of  the  1  HgO/^ mixture,  it  was  concluded  that  no  effect  would 
be  observed  at  a  hydrogen  pressure  of  0.25  atmosphere,  i.e.,  with  the 
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3  ^O/Hg  sistcre.  In  addition,  bydrogea  aetivationva*  not  forbid  to  reduce 
the  ductility  of  B-66  specimens  when  tested  in  the  3 
although  it  had  reduced  with  the  1  HgO/^  environment.  Therefore,  no 
activated  colunbiua  specimens  were  tested  in  the  3  HgO/Hg  environment. 

The  tensile  strength  of  specimens  tested  in  the  environments  with 

mixture  ratios  of  1.00  and  3*00  are  plotted  in  i'ig.  6  and  7»  respectively. 

The  highest  strength  was  found  in  specimens  tested  at  600  F.  Above  600  F, 
the  strength  decreased  from  approximately  66,000  psi  at  600  F  to  15,000 
psi  at  1500  F.  There  was  no  significant  effect  of  the  environment  on  the 
strength. 

Metallographic  examination  was  made  of  a  series  of  columbium  specimens  tested 
in  the  1  environment.  Sections  intersecting  the  fracture  surfaces  are 

shown  in  Fig.  8  through  11  of  specimens  tested  at  400,  IO5O,  1200,  and  I5OO 
F,  respectively.  The  fracture  at  400  F  is  quite  ductile  with  a  very  high 
reduction  of  area,  although  the  elongation  is  only  15.5  percent.  Surface 
cracking  is  readily  observable  in  the  fractures  at  IO5O  and  1200  F,  Awd 
this  cracking  apparently  had  an  important  role  in  effecting  a  reduction  of 
ductility  as  measured  by  percent  elongation  at  these  teRq>erature8 .  Second¬ 
ary  cracking  did  not  occur  at  1500  F  althou^  oxidation  by  water  vapor  dur¬ 
ing  the  test  caused  the  surfaces  to  become  irregular. 

The  columbiuQ-hydride  phase  was  observed  only  in  the  columbium  specimen 
tested  at  IO5O  F.  This  phase  appears  as  a  needle-like  Widmanstatten 
second-phase  on  the  surface  of  the  specimen  shown  in  Fig.  12.  Experience 
at  Rocketdyne  with  columbium  which  contains  hydrogen  indicates  that 
this  phase  is  columbium  hydride,  based  on  its  structure  and  response  to 
the  lactic-HF-HNO,  etchant.  The  hydride  phase  forms  on  cooling  below 
350  F,  which  is  the  highest  temperature  at  which  the  hydride  phase  can 
exist  (Ref.  5)*  Therefore,  the  hydride  pho/je  was  not  present  during  the 
tensile  test.  However,  the  presence  of  the  hydride  phase  at  the  surface 
after  testing  indicates  that  the  hydrogen  content  at  the  surface  must 
have  been  greater  than  645  ppm  which  is  the  limit  of  hydrogen  solubility 
in  columbium  at  room  temperature  (Ref.  5). 
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AS-RECEIVED,  TESTED  IN  IjOO  HtO/H, 
ENVIRONMENT 

HYDROGEN-ACTIVATED,  TESTED  IN 
1.00  ENVIRONMENT 

AS  RECEIVED,  TESTED  IN  AIR  AT  ROOM 
TEMPERATURE  AND  IN  ARGON  AT 
ELEVATED  TEMPERATURES 

HYDROGEN-ACTIVATED,  TESTED  IN 
ARGON 


TEMPERATURE,  F 


Flgtire  6.  Ultimate  Tensile  Strength  of  Colaidl)itim  as  a  itmeiion  of 
Ten^erature  in  Bnvlroninents  With  IfiLztore  Batio 

of  1.00  ^ 


TOi 


TEMPERATURE,  F 


Figure  7.  Ultimate  Tensile  Strength  of  Coluobium  as  a  Function  of  Temperature  in  'R^o/e^ 
Environments  With  Mixture  Ratio  of  3.00 
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Figure  8.  Columbium  Specimen  No.  170,  Tested 
in  1.00  HgO/Hg  Environment  at  400  F, 

15.5-Percent  Elongation,  Unstched, 
lOOX 
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Figure  9-  Colmnbium  Specimen  No,  I73,  Tested  in 
1.00  H2O/H2  Environment  at  1O5O  F, 
18.8-Percent  Elongation,  Unetched, 
lOOX 
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Figure  10.  Columbium  Specimen  No.  155>  Tested  in 
1.00  H2O/H2  Environment  at  1200  F, 
30.6-Percent  Elongation,  Unetched,  lOOX 
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Figure  11.  Columbimn  Specimen  No.  157}  Tested  in 
1.00  H2O/H2  Environment  at  I5OO  F, 
43.1-Percent  Elongation,  Unetched,  lOOX 
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Figure  12.  Columbium  Specimen  No.  173»  Tested  in 
1.00  H2O/H2  Environment  at  IO5O  F 
(Etchant:  30  Lactic-10  HF-1  HN0_) 
5OOX 
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The  naxisKm  hydrogen  content  found  by  analyaie  in  the  columhiiai  speci- 
aene  tested  at  IO5O  F  vas  119  ppn.  The  presence  of  the  hydride  phase 
at  the  surface  indicates  that  the  hydrogen  aust  have  been  largely  con¬ 
centrated  at  the  surface.  Even  during  the  tensile  test  there  aust  have 
been  a  higher  hydrogen  concentration  at  the  surface  than  at  the  interior 
of  the  speciaen,  because  loss  of  hydrogen  during  cooling  vould  lower  soae- 
what  the  hydrogen  content  at  the  surface.  Because  the  hydride  phase  vas 
observed  only  in  speciaens  tested  at  IO5O  F  and  because  surf ace~ "cracking 
was  aost  severe  at  IO3O,  it  is  assuaed  that  the  surface  cracking  is  re¬ 
lated  to  the  relatively  high  surface  hydrogen  contents. 

Figures  13  and  14  reveal  the  presence  of  a  thin  oxide  phase  at  the  surface 
of  speciaens  tested  at  1200  and  I3OO  F.  A  porous,  dark,  second  oxide  layer 
vas  also  present  on  the  surface  of  the  speciaen  tested  at  I3OO  F.  There 
vas  no  indication  of  a  hydride  phase  in  these  speciaens  althou|^  the  hy¬ 
drogen  content  obtained  froa  tests  perforaed  at  I5OO  F  was  as  hicd^  as  498 
ppa.  This  is  higgler  than  the  hydrogen  concentration  in  speciaens  tested 
at  1030  F  although  still  below  the  hydrogen  solubility  limit.  Therefore, 
the  lack  of  hydride  foraation  on  cooling  to  rooa  temperature  would  indi¬ 
cate  that  any  hydrogen  which  may  have  concentrated  at  the  surface  during 
the  test  diffused  into  the  interior  during  cooling. 

A  series  of  columbium  specimens  were  analyzed  by  vacutuo  fusion  analysis 
for  oxygen  and  hydrogen  after  the  tensile  tests  in  the  E^O/B^  environments. 
Parts  of  three  specimens  which  were  tested  at  room  temperature  in  air  were 
analyzed  in  the  as-received  euid  in  the  chemically  cleaned  condition  for 
base  line  data.  The  results  indicate  that  chemical  cleaxiing  reduced  the 
oxygen  content  on  an  average  about  100  ppm  and  increased  the  hydrogen  con¬ 
tent  about  1  ppm.  Because  the  specimens  were  all  chemically  cleaned  prior 
to  testing  in  the  E^O/E^  environments,  the  average  oxygen  and  hydrogen  con¬ 
tents  in  chemically  cleaned  specimens  were  subtracted  from  the  analyzed 
contents  to  obtain  the  amount  of  oxygen  and  hydrogen  absorbed  during  the 
tests. 

The  results  given  in  Table  3  of  hydrogen  emd  oxygen  analyses  for  the  co¬ 
lumbium  specimens  show  for  tests  conducted  at  400  to  800  F  in  the 
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1  enyiroovent  that  oxygen  absorption  vas  fairly  low  and  hydrogen 

absorption  was  probably  too  low  to  significantly  affect  neohanical  prop¬ 
erties  Fron  1050  to  I5OO  F,  the  o:7gen  and  hydrogen  contents  increased 
significantly  from  1874  to  3754  ppa  for  os^gen  and  frmn  109  to  348  ppm 
for  hydrogen.  The  oxygen  and  hydrogen  contents  were  someidiat  higher  for 

specimens  tested  at  400  to  800  F  in  the  3  HgO/Hg  environment  than  in  the 
1  environment.  However,  at  IO5O  F  and  above,  the  quantities  of 

oxygen  and  hydrogen  absorbed  were  considerably  greater  in  the  1  HgO/^ 
environment  than  in  the  3  HgO/Hg  environment. 

When  coluiid)ium  or  B-66  alloy  specimens  react  with  the 
both  oxygen  and  hydrogen  may  be  absorbed  as  a  result  of  reaction  with  the 
H2O,  and  hydrogen  may  be  absorbed  as  a  result  of  direct  reaction  with  the 
Hg.  The  hydrogen  released  by  the  reaction  with  H^O  is  atomic  hydrogen 
and  should  be  relatively  easily  and  rapidly  absorbed.  On  the  other  hand, 
the  molecular  hydrogen  must  dissociate  into  atomic  hydrogen  througii  chem¬ 
ical  adsorption  onto  the  specimen  surface  before  the  hydrogen  can  be  ab¬ 
sorbed.  Obviously,  the  ratio  by  weight  of  the  oxygen  absorbed  to  the 
hydrogen  absorbed  (if  all  the  hydrogen  evolved  is  absorbed)  as  a  result 
of  the  reaction  with  E^O  is  8.  The  column  in  Table  5  giving  the  ratio 
of  oxygen  absorbed  to  hydrogen  absorbed  was  included  as  a  possible  aid 
in  determining  the  source  of  the  hydrogen  absorbed,  i.e.,  whether  it  came 
mainly  from  reaction  with  H^O  or  mainly  from  reaction  with  the 

Unfortunately,  an  unaj^iguous  determination  of  the  source  of  the  absorbed 
hydrogen  is  not  possible  because  of  other  complicating  factors.  For  ex¬ 
ample,  hydrogen  may  be  evolved  during  cooling  of  the  specimen  after  a  test 
Walter  and  Offner  (Ref.  6)  have  shown  that  hydrogen  evolution  occurs  in 
flowing  argon  above  900  F,  Following  tensile  testing  in  the  water  vapor/ 
hydrogen  atmosphere,  the  specimens  were  cooled  to  below  200  F  in  purified 
argon  before  removing  from  the  furnace.  It  is,  therefore,  possible  that 
at  least  some  of  the  hydrogen  absorbed  in  tests  conducted  above  900  F  was 
evolved  on  cooling  before  the  specimens  had  cooled  below  the  temperature 
range  in  which  significant  hydrogen  evolution  could  occur.  On  the  other 
hand,  for  the  tests  conducted  above  900  F,  the  oxide  formed  on  the  surface 
during  the  test  would  tend  to  inhibit  hydrogen  desorption. 
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Figure  13«  Columbium  Specimea  No.  155»  Tested 

in  1.00  E2O/E2  Environment  at  1200  F 
(Etchant:  50  Lactic~2  BF-30  HN0_) 
5OQX  ^ 
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A  secoxtd  problem  that  can  occur  is  loss  of  oxide  during  saiqiling.  If  the 
sum  of  hydrogen  and  oxygen  absorption  is  less  than  the  vei|^t  change  of 
the  specimen  before  and  after  testing,  oxide  loss  during  sscpling  vould 
be  suspected.  The  weight  change  during  the  tests  is  included  in  Table  5 
to  make  this  con^arison.  The  weight  change  should  not  be  construed  as 
representative  of  the  interstitial  absorption  in  the  fracture  region  of 
the  specimen.  This  is  because  the  specimen  is  partially  protected  from 
oxidation  in  the  grip  region  and  also  the  temperature  is  lower  and  applied 
stress  less  outside  the  notch  or  reduced  sections. 

To  summarize,  hydrogen  absorption  can  occur  from  reaction  with  the  water 
vapor  and  from  reaction  with  h}rdrogen.  The  oxygen  analysis  gives  a  measure 
of  the  amount  of  atomic  hydrogen  released  at  the  metal  surface  by  the  re¬ 
action  with  the  water  vapor.  It  seems  resonable  to  assume  that  the  major 
portion  of  any  atomic  h3rdrogen  released  at  the  metal  surface  will  be  ab¬ 
sorbed  into  the  metal  rather  than  undergo  recombination  to  form  molecular 
hydrogen.  In  that  case, if  the  amount  of  hydrogen  absorbed  in  the  metal 
is  equal  to  or  less  than  the  amount  of  atonic  hydrogen  released  during  the 
reaction  with  the  water  vapor, i.e.,  if  the  ratio  of  oxygen  absorbed  to 
hydrogen  absorbed  is  greater  then  8,  then  the  hydrogen  absorbed  must  come 
predominantly  from  reaction  with  the  water  vapor. 

The  ratio  of  oxygen  absorbed  to  hydrogen  absorbed  is  higher  than  8  for  all 
of  the  columbium  specimens  analyzed  which  were  tested  at  temperatures  less 
than  1200  F.  Three  of  the  six  specimens  tested  at  1200  and  1500  F  had 
lower  ratios  of  O/fl  absorbed  than  8.  The  interstitial  absorption  during 
the  test  was,  however,  greater  by  weight  change  measurements  than  by  vac- 
uiuD  fusion  analyses  over  this  temperature  range  which  would  indicate  oxide 
loss  during  sampling.  Therefore,  on  the  basis  of  these  data,  hydrogen 
absorption  in  columbium  would  appeeir  to  be  predominantly  from  reaction 
with  water  vapor  over  the  entire  temperature  range.  The  oxide  formed 
during  tests  at  1200  and  1500  F  was  thicker  than  that  formed  at  lower  tem¬ 
peratures  and  thus  was  more  easily  removed  during  sampling.  At  lower 
temperatures  there  was  a  much  closer  relationship  between  the  hydrogen 
and  oxygen  absorbed,  as  determined  by  analysis,  and  the  weight  gain. 
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The  hii^er  oxygen  absorption  resulting  iron  tests  at  tesqperatures  aboTe 
1050  F  in  the  1  HgO/H^  environment  cogiparer.  to  tests  in  the  3 
viromoent  vould  certainly  not  be  expected.  The  35B-  and  2l6-ppGi  hydrogen 
contents  at  I3OO  F  in  the  1  and  3  E^O/R^  environments,  respectively,  vas 
perhaps  related  to  the  solubility  limit  of  hydx'ogen  in  colusibium  in  con¬ 
tact  with  1/2  and  l/4  atmosphere  hydrogen  partial  pressure  for  the  1  and 
3  HgO/'Hg  environments,  respectively,  if  it  is  asstused  that  hydrogen  evolu¬ 
tion  can  occur  through  the  surface  oxide  layer  at  this  temperature.  The 
hydrogen  solubility  in  columbium  in  contact  with  1/2  and  l/4  atmosphere 
hydrogen  pressure  at  I5OO  F  is  about  390  ppm  and  250  pi«i,  respectively, 
as  determined  by  Albrecht,  et  al.  (Bef.  7  )• 

Duplicate  samples  were  analyzed  from  tests  conducted  at  1050  and  1200  F 
in  the  3  HgO/Eg  environment,  and  the  results  indicate  no  evident  relation¬ 
ship  between  the  amount  of  oxygen  and  hydrogen  absorbed  and  embrittlesient. 


EFFECT  OF  WATER  VAPOH/HSDROGEN  ENVIRONMENTS 
ON  THE  B-66  COLUMBIUM  ALLOY 

The  ductility  of  B-66  specimens  tested  in  H,,0/H,,  environments  with  mixture 
ratios  of  1  and  3  ar®  plotted  in  Fig.  15  and  16,  respectively.  The  data 
indicate  that  a  small  decrease  of  ductility  occurred  due  to  the  water  vapor/ 
hydrogen  atmosphere  at  800  F  for  the  1  HcD/H2  environment  and  at  400  and 
800  F  for  the  3  H^O/Hg  environment.  The  ductility  at  1200  F  vas  decreased 
due  to  the  3  H^O/H^  environment  but  not  the  1  HgO/Hg  environment  and 
at  1500  F  there  was  substantial  embrittlement  in  both  HgO/H^  enviroximents . 
Embrittlement  at  1200  F  in  the  3  is  associated  with 

secondary  cracking.  Therefore,  the  E^O/S^  atmospheres  reduced  the  duc¬ 
tility  of  the  alloy  at  temperatures  between  400  and  I5OO  F  except  for  the 
tests  performed  at  400  and  1200  F  in  the  1  E^O/E^  environment  axid  at  1100 
F  in  the  3  E^O/E^  environment.  The  3  ^O/Hg  atmosphere  resulted  in  greater 
embrittlement  in  all  cases  compeired  to  the  1  E^O/E^  atmosphere. 

Included  in  the  data  are  three  fully  recrystallized  specimens  (No.  140, 

141,  and  142)  which  were  tested  in  the  3  and  two  fully 
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Figure  15*  Ductility  of  B-66  Alloy  as  a  Function  of  Tempei'ature  in 
Environments  With  a  Mixture  Ratio  of  l.OO 


rocryatallized  specimens  (No.  101  and  102)  tested  in  the  1  HgO/Hg  envi¬ 
ronment.  The  tvo  fully  recrystallized  specimens  tested  at  1200  F  in  the 
3  HgO/Hg  atmobphere  had  substantially  lower  ductility  than  the  wrought 
specimens. 

Hydrogen  activation  prior  to  testing  effected  nearly  a  50»'percent  reduc¬ 
tion  of  ductility  at  400  F  in  the  1  E^O/E^  environment.  .However,  there 
was  essentially  no  decrease  of  ductility  caused  by  activation  for  speci¬ 
mens  tested  at  500  F  in  the  1  E^O/E^  environment  or  at  400  F  in  the  3 
E^O/E^  environment.  Testa  performed  during  a  previous  program  (Ref.  4) 
in  pure  hydrogen  on  similarly  hydrogen  activated  B-66  alloy  specimens  of 
similar  design  indicated  that  a  reduction  of  ductility  occurred  because 
of  the  hydrogen  atmosphere  at  temperatures  from  400  F  to  800  F,  and  the 
ductility  in  hydrogen  at  400  F  was  less  than  the  ductility  in  the  1 
HgO/Hg  atmosphere  at  400  F.  Therefore,  it  appears  that  diluting  the  hy¬ 
drogen  with  1/2  atmosphere  water  vapor  acted  to  somewhat  suppress  embrit¬ 
tlement  caused  by  hydrogen  at  400  F  and  eliminated  this  effect  at  elevated 
temperatures.  Also,  the  l/4  atmosphere  hydrogen  and  3/4  atmosphere  water 
vapor  partial  pressures  of  the  3  ®2^'^2  embrittle 

activated  specimens  of  the  B-66  alloy  even  at  400  F. 

The  low  hydrogen  concentration  (8  ppm)  of  the  hydrogen  activated  specimens 
which  were  embrittled  at  't'^0  F  ;,n  the  1  H^O/Hg  environment  suggests  that 
embrittlement  was  a  surface  phenomenon  rather  than  resulting  from  hydro¬ 
gen  in  solution.  Embrittlement  of  the  B-66  alloy  activated  specimens  and 
the  columbium  specimens  at  400  F  could  best  be  explained  on  the  basis  of 
a  surface-type  reaction  occurring  from  lowering  of  the  surface  energy  of 
a  newly  formed  crack  by  chemical  adsorption  of  hydrogen  onto  the  crack 
surface.  On  the  other  hand,  activation  is  apparently  not  entirely  a  sur¬ 
face  phenomenon,  because  removal  of  the  surface  layer  by  chemical  cleaning 
with  HNOy^HF  did  not  remove  the  effect  of  activation  for  one  of  the  speci¬ 
mens  tested  at  400  F. 

The  embrittlement  of  the  B-66  alloy  at  temperatures  above  400  F  is  evi¬ 
dently  caused  by  oxygen  as  is  evidenced  by  the  decrease  of  ductility  with 
increasing  E^O/E^  ratio.  Associated  with  the  very  low  ductility  at  I500  F 
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is  oxide  formation  which  is  shown  in  Fig.  17  and  18  for  specimens  tested 
at  1200  and  1500  F,  respectively.  The  oxide  phase  is  readily  observable 
in  both  photomicrographs  and  was  a  significant  proportion  of  the  specimen 
shown  in  Fig.  18. 

The  effect  of  an  oxide  layer  on  the  mechanical  properties  of  the  B-66 
alloy  has  not  been  determined.  However,  the  presence  of  a  comparable 
oxide  layer  on  Ta-lOhT  has  been  found  in  a  previous  study  (Ref.  4)  to 
result  in  a  substantial  decrease  of  ductility.  It  is  thought  that, 
because  of  the  similarity  of  the  materials,  a  relatively  thick  surface 
oxide  on  the  B~66  alloy  such  as  shown  in  Fig.  1?  and  1^  could  account  for 
the  embrittlement  encountered  during  the  1200  and  1500  F  tests  in  the 
H2O/H2  environment.  The  fact  that  a  hydride  phase  is  not  evident  in  Fig. 
17  and  18  may  not  be  too  significant.  The  authors  have  not  been  able 
during  previous  studies  of  B-66  specimens  charged  with  hydrogen  to  metal- 
lographicaJly  observe  the  hydride  phase,  although  considerable  effort  was 
made  to  do  so.  In  any  case,  it  is  believed  that  embrittlement  of  B-66 
alloy  at  1200  and  I5OO  F  can  be  explained  solely  on  the  basis  of  embrit¬ 
tlement  caused  by  the  oxide. 

The  oxygen  content  in  the  B-66  specimens  tested  at  1500  P  is  about  the 
same  as  in  the  columbium  specimens  tested  at  1500  F.  The  fact  that  these 
B-66  specimens  have  a  much  thicker  oxide  layer  would  suggest  that  the  sol¬ 
ubility  of  oxygen  in  B-66  is  less  than  in  columbium  at  I5OO  F.  The  dif¬ 
ference  in  oxygen  solubility  may  explain  the  difference  in  embrittlement 
of  the  two  metals  at  this  temperature. 

The  tensile  strength  of  B-66  alloy  specimens  tested  in  the  1  and  3  ^gO/Hg 
environments  are  shown  in  Fig.  19  and  20,  respectively.  The  data  for  the 
inert  environment  are  taken  from  tests  in  air  at  room  temperatiire ,  in 
vacuum  at  400  and  800  F,  and  in  argon  at  1200  and  I5OO  F.  Although  the 
data  appear  discontinuous,  they  agree  fairly  well  with  literature  aata 
obtained  from  teats  in  vacuum  between  room  temperature  noH  1500  F.  For 
some  reason  there  is  less  change  in  strength  with  temperature  for  testa 
performed  in  the  HgO/Hg  environments  than  for  tests  performed  in  inert 
environments.  There  may,  however,  be  a  slight  decrease  of  strength  at 
1500  F  caused  by  oxidation  which  accompanies  the  embrittlement  observed 
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Figure  18.  Specimen  No.  128  Tensile  Tested  at  1500  F  in 
Water  Vapor/lfydrogen  Environment  With  a 
Mixture  Ratio  of  1.00;  Not  Etched;  lOOX 
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Figure  20.  Ultimate  Strength  of  B— 66  Columbium  Alloy  aa  a  Function  of  Temperature 
""  in  En^aronaents  With  a  Mixture  Batio  of  3.00 


during  these  tests.  The  fully  recrystallized  specimens  had  lower  strength 
than  did  the  partially  recrystallized  specimens. 

The  amount  of  oxygen  and  hydrogen  absorbed  during  the  tests  on  B-66  alloy 
at  temperatures  between  400  and  1200  P  in  both  HgO/Hg  environments  is  very 
low  compared  to  that  absorbed  by  columbium.  Between  1100  P  and  I5OO  P, 
the  amount  of  oxygen  and  hydrogen  absorbed  increased  with  increasing  tem¬ 
perature,  and  at  I500  P,  the  amount  absorbed  is  somewhat  more  in  B-66  than 
it  is  in  columbium.  The  oxygen  and  hydrogen  contents  that  were  absorbed 
were  slightly  higher  for  the  teats  at  400,  800,  and  I5OO  P  in  the  1  HgO/H^ 
environment  than  for  the  tests  in  the  3  HgO/Hg  environment.  However,  at 
1200  F,  the  amount  of  oxygen  and  hydrogen  absorbed  was  greater  in  the 
3  HgO/Hg  environment  than  in  the  1 

The  hydrogen  analyses  of  the  B-66  specimens  indicate  that  the  ratio  of  ox¬ 
ygen  absorption  to  hydrogen  absorption  during  the  tests  was  between  8 
and  9  for  specimens  tested  in  the  3  ®2®/®2  1500  F 

and  in  the  1  HgO/H^  environment  at  1200  and  1500  F.  The  fact  that  these 
ratios  are  so  close  to  the  theoretical  ratio  of  8  would  indicate  that  sub¬ 
stantially  all  of  the  hydrogen  absorption  resulted  from  reaction  with  water 
vapor  and  not  from  direct  absorption  from  the  hydrogen  in  the  gas  mixture. 

The  ratio  of  oxygen  absorbed  to  hydrogen  absorbed  for  specimens  tested  at 
800  F  in  the  1  H^O/Hg  environment  was  less  than  8  indicating  absorption  of 
hydrogen  from  the  hydrogen  gas.  The  oxygen  and  hydrogen  absorption  that 
occurred  during  the  400  F  tests  in  both  ^O/Hg  environments  was  low  and 
rather  erratic.  In  general,  there  was  fairly  good  agreement  between  the 
oxygen  and  hydrogen  absorption  as  determined  by  chemical  analyses  and  as 
determined  by  weight  change  during  the  tests.  This  agreement  would  indi¬ 
cate  that  the  oxide  removal  during  sampling  was  not  appreciable. 

It  is  of  interest  to  note  that  the  equilibrium  hydrogen  concentration  in 
B-66  alloy  in  contact  with  hydrogen  at  1500  P  is  430  ppm,  as  measured  at 
Rocketdyne.  From  the  data  obtained  by  Albrecht  (Bef.  7)  on  coliunbium, 
the  equilibrium  hydrogen  concentration  in  contact  with  hydrogen  at  l/2 
and  1/4  atmosphere  pressiure  in  B-66  alloy  would  be  reduced  to  approximately 
310  and  200  ppm.  These  estimations  were  made  on  the  basis  that  the  reduction 


E2O/E2  environment. 
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of  hydrogen  solubility  with  decreasing  pressure  is  proportipxiatsiy  the  ■ 
saiBe  for  oolumbium  and  B>66  alloy.  Therefore,  ibhe  hydrogen  concentration 
in  the  B-66  speoitsens  tested  at  1500  F  is  higher  than  the  predicted  equi¬ 
librium  hydrogen  content  of  a  specimen  in  contact  with  hydrogen  nt 
these  pressxires  (the  partial  pressure  of  the  hydrogen  in  the  1  and  3 
HgO/Sg  environments).  Furthermore,  the  hydrogen  could  not  have  evolved 
on  cooling  from  1500  F  in  the  flowing  argon  atmosphere  following  the  ten¬ 
sile  test  although  Walter  and  Offner  (Bef .  6)  have  shown  that  hydrogen 

evolution  from  columbium  in  flowing  argon  occurs  at  temperatures  above 
900  F.  This  lack  of  evolution  was  probably  the  result  of  an  oxide  sur¬ 
face  layer. 
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SUMMARY  AND  CONCLUSIONS  FOR  COLOMBIUM  AND  B-66  ALLOY 
IN  VARIOUS  ENVIRONMENTS 


E’or  ease  of  comparison, both  the  strength  and  ductility  curves  of  columbium 
are  plotted  in  Fig.  21.  In  a  similar  manner,  the  curves  of  the  B-66 
columbium  alloy  are  presented  in  Fig.  22, 

The  tensile  tests  on  columbium  indicate  ductility  minimums  at  400  and 
1050  F.  However,  the  ductility  at  400  F  was  only  slightly  less  in  the 
HgO/ilg  atmospheres  than  it  was  in  argon.  The  ductility  minimum  at  IO5O  F 
appears  to  be  associated  with  hydrogen  since  a  hydride  phase  was  found 
in  these  specimens  after  testing.  Between  IO5O  and  I5OO  F  there  is 
also  some  decrease  in  ductility,  and  above  IO5O  F  embrittlement  decreases 
with  increasing  H^O/Hg  ratio.  Only  at  IO5O  F  was  there  a  considerable  re¬ 
duction  of  ductility  compared  to  tests  in  an  inert  environment.  And,  even 
at  1050  F,  there  was  still  approximately  20-percent  elongation  after  the 
5O-  to  60-minute  exposure  to  the  H^O/Rg  atmosphere. 

The  most  interesting  result  of  these  tests  is  the  relative  stability  of 
columbium  in  environments.  Columbium  is  virtually  unstable  in  air 
over  nearly  the  entire  tetq)erature  range  of  these  tests,  yet  these  speci¬ 
mens  withstood  5O-  to  60-minute  exposures  to  HgO/Rg  atmospheres  under 
stress  without  loss  of  strength  and  with  less  than  50-percent  reduction 
of  ductility  at  any  of  the  temperatures  tested.  Oxygen  and  hydi*ogen  ab¬ 
sorption  increased  with  increasing  temperature,  but  even  at  I5OO  F,  the 
highest  temperature  tested,  the  oxide  was  adherent  and  present  only  as 
a  thin  surface  layer.  These  results  indicate  that,  at  least  under  cer¬ 
tain  conditions,  columbium  could  be  used  without  protective  coatings  in 
H2O/H2  environments  for  exposure  times  up  to  1  hour  at  temperatures  below 
1500  F.  The  effect  of  increasing  the  pressure  to  over  1  atmosphere  on 
the  rate  of  oxidation  is  not  known.  However,  if  the  oxidation  rate  is 
diffusion  and  not  surface  reaction  dependent,  increasing  the  pressure 
would  have  little  effect  on  the  rate  of  oxidation. 
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Piirure  21.  Ultimate  Tensile  Strength  and  Ductility  of  Coluabium 
as  a  Function  of  Temperature  in  Various  Environments 
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The  sux'face  oxide  formed  on  coluabium  from  reaction  with  water  vapor  evi¬ 
dently  acts  as  a  barrier  to  hydrogen  absorption  as  is  evidenced  by  the 
low  hydrogen  oonteuts  present  after  testing  in  the  HgO/Sg  environments. 
Hyorogen  absorption  appears  to  be,  instead,  mainly  dependent  upon  the 
hydrogen  released  from  reaction  with  water  vapor.  Evidently,  the  atomic 
hydrogen  that  is  released  on  oxidation  can  more  readily  penetrate  the 
oxide  than  molecular  hydrogen  which  must  dissociate  to  atomic  hydrogen 
after  adsorption  onto  the  surface  before  it  can  bt  absorbed  into  the  metal. 
The  evidence  in  favor  of  this  mechanism  of  hydrogen  absorption  in  colum- 
bium  by  reaction  with  water  is,  however,  not  as  strong  as  it  is  in  the 
B-66  alloy.  It  is,  thus,  quite  possible  that  embrittlement  of  colunbixim 
at  1050  F  is  caused,  at  least  in  part,  from  hydrogen  absorbed  from  the 
gaseous  hydrogen  phase.  If  this  were  true,  then  increasing  the  hydrogen 
pressure  by  increasing  the  (HgO/^g)  pressure  would  effect  a  further  de¬ 
crease  of  ductility  at  this  temperature.  This  is  because  the  rate  of  hy¬ 
drogen  diffusion  is  sufficiently  fast  at  IO5O  F  so  that  hydrogen  absorption 
would  be  pressure  dependent.  The  results  of  the  mechanical  tests  on  colum- 
bium  in  high-pressure  hydrogen  will  show  the  degree-  of  embritt' ament  which 
can  be  effected  by  exposure  to  hydrogen  at  higb  pressures.  This  informa¬ 
tion  will  be  useful  in  predicting,  at  least  to  some  degree,  the  expected 
compatibility  of  columbium  with  HgO/Hg  environments  at  high  pressures. 
However,  the  importance  of  testing  in  high-pressure  environments 

cannot  be  overestimated  for  proving  the  compatibility  of  any  material  to 
be  used  in  these  atmospheres. 

The  HgO/Hg  environments  effected  a  slight  reduction  of  ductility  at  800  F 
and  considerable  embrittlei...*'t  at  I5OO  F  in  B-66  alloy.  If  the  B-66  speci¬ 
mens  were  previously  hydrogen  activated  and  then  tested  in  the  1 
atmosphere,  a  reduction  of  ductility  also  occurred  at  400  F.  Embrittlement 
of  the  hydrogen  activated  specimens  is  dependent  upon  the  hydrogen  partial 
pressure.  This  is  evidenced  by  the  fact  that  embrittlement  of  the  acti¬ 
vated  specimens  was  much  more  severe  when  tested  in  pure  hydrogen,  and. 
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also  I  no  eabri'fcileBjent  occurred  vhen  the  activated  epecisecs  vere  tested 
in  the  3  KgO/b^  environ^jefit.  The  susceptibility  of  B-66  alloy  to  eialrii- 
tlenent  at  low  tetoperatures  in  the  hydrogen-activated  condition  may  not 
be  particularly  pertinent  to  service  conditions  involving  exposure  only 
to  HgO/bg  environments.  This  is  because  hydrogen  absorption  into  B-66 
alloy  from  evidently  associated  only  with  the  hy¬ 

drogen  released  on  reaction  with  water  vapor  and  the  amount  of  hydrogen 
absorbed  is  probably  too  low  to  result  in  activation. 

Absorption  of  oxygen  and  hydrogen  was  considerably  less  in  B-66  alloy 
than  in  columbium  except  at  400  and  I5OO  F.  At  400  F  interstitial  absorption 
was  very  low  for  both  materials;  at  I5OO  P  interstitial  absorption  was 
approximately  the  same  for  both  materials.  The  ratio  of  oxygen  absorbed 
to  hydrogen  absorbed  was  close  to  8  for  tests  performed  on  B-66  alloy  be¬ 
tween  800  and  I5OO  P  which  indicates  that  hydrogen  absorption  occurred 
primarily  from  the  hydrogen  released  during  oxidation  by  water  vapor.  The 
oxide  phase  on  B-66  alloy  is  evidently  a  barrier  to  hydr'O'en  penetration 
from  the  gas  phase,  although  this  oxide  does  not  prevent  hydrogen  penetra¬ 
tion  by  the  nascent  hydrogen  released  on  reaction  with  water  vapor. 

The  low  interstitial  absorption  which  occurred  at  400  F  for  both  materials 
would  suggest  that  embrittlement  at  this  temperature  occurs  by  a  surface- 
type  reaction.  The  mechanism  may  involve  lowering  of  the  surface  energy 
of  a  newly  formed  crack  by  chemical  adsorption  of  hydrogen  onto  the  crack 
surface. 

The  decrease  in  ductility  of  the  B-66  alloy  tested  at  I5OO  F  in  both  H-O/Ho 
environments  is  associated  with  a  relatively  thick  oxide  layer.  The  oxide 
formed  on  B-66  alloy  by  reaction  with  oxygen  is  evidently  not  as  protective 
as  is  the  oxide  which  forms  on  exposure  of  columbium  to  water  vapor  at 
elevated  temperatures.  The  higher  water  content  of  the  3  HgO/Hg  environment 
effected  increased  embrittlement  in  all  but  the  hydrogen  activated  speci¬ 
mens  compared  to  testing  in  the  1  HgO/Hg  environment.  Therefore,  the 
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iMic&tb  ihak  ssbrxttlsifitnt  of  B-d6  alloy  ia  the  U^/S^  atwe- 
pheifOs  ia  caused  hy  ojddotion  and  tbe  use  of  B-66  alloy  ad  1500  eidbor 
of  the  HgO/lig  emriroonents  nay  require  an  oxidatioa  proteetion  coating. 
However,  oxidation  protection  coatings  nay  prevent  oxidation,  but  alldv 
the  penetration  of  hydrogen  from  the  hydrogen  gas.  Theirmal  cycling  of 
coated  specimens  may,  therefore,  effect  hydrogen  activation  and  embrittle¬ 
ment  at  low  temperatures. 

with  coliunbium,  the  H^O/H^  environments  also  did  not  affect  the  mechan¬ 
ical  strength  of  B-66. 
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It  is  anticipated  that  the  impetus  toward  the  utilisation  of  refractory 
alloys  in  regeneratively  cooled  rocket  and  ramjet  engines,  so  vital  to 
the  nation's  military  and  space  objectives,  will  increase  significantly 
during  the  next  few  years.  The  initial  steps  to  improve  the  performance 
of  these  engines  will  result  in  materials  requirements,  particularly  in 
the  thrust  chamber,  which  reasonably  can  be  met  only  with  the  refractory 
alloys.  Thus,  a  refractory  alloy  technology  that  will  allow  the  use  of 
these  alloys  with  confidence  in  regeneratively  cooled  rocket  or  ramjet 
engines  must  be  developed  as  rapidly  as  is  feasible. 

As  noted  in  the  introduction,  three  areas  require  investigation  for  the 
successful  application  of  columbium  and  tantalum  alloys  in  nozzles  of 
advanced,  high-performance  engines  that  have  hydrogen  or  water  vapor/ 
hydrogen  exhaust  gases.  The  three  areas  are:  (l)  the  effect  of  hydrogen 
at  high  pressures  and  elevated  temperatures  on  mechanical  properties, 

(2)  the  solubility  and  rates  of  absorption  and  desorption  of  hydrogen  at 
high  temperatures  and  high  hydrogen  pressures,  and  (3)  the  effect  of  water 
vapor/faydrogen  envirocments  on  mechanical  properties. 

This  report  contains  the  results  of  a  study  of  the  effect  of  water  vapor/ 
hydroger  environments  on  the  mechanical  properties  of  colmbium  and 
the  B-66  columbium  alloy.  A  similar  program  should  be  conducted  on  tantalum 
and  a  tantalum  alloy,  e.g.,  Ta-lOW. 

Investigations  of  areas  (l)  and  (2)  above  should  be  conducted  on  columbium, 
the  B--66  columbium  alloy,  tantalum,  and  Ta-lOW.  Rocketdyne  has  set  up 
equipment  and  facilities  for  investigotions  in  both  of  these  areas.  For 
the  determination  of  mechanical  properties  in  high-pressure  hydrogen  at 
elevated  temperatures,  an  apparatus  was  designed  in  a  joint  effort  with 
Ring  Engineering,  Reseda,  California,  and  was  built  by  Ring  Engineering 
for  Rocketdyne.  With  this  apparatus,  tensile  tests  can  be  conducted  in 
high-pressure  hydrogen  at  elevated  temperatures.  The  apparatus  is  de¬ 
signed  to  operate  at  gas  pressures  up  to  5000  psig  and  at  temperatures 
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Bp  t«  2^  F.  Hdvcver,  at  this  tinw,  the  hydrogen  aappiy  and  control 
sysies  ia  lisdted  to  a  i'JOO-paig  operation,  but  eodification  to  a  5000- 
psig  operation  would  not  be  difficult.  Also,  equipment  has  been  aet  up 
at  llocketd>Tie  for  the  determination  of  solubility  and  rates  of  absorption 
and  desorption  of  hydrogen  at  hydrogen  pressures  up  to  I5OO  psig  and  at 
temperatures  up  to  1800  F. 

The  results  of  these  initial  programs  will  suggest  others,  but  some  can 
be  anticipated.  Coatings  may  be  required  to  protect  columbium  and  tantalum 
alloys  from  oxidation  and/or  hydrogen  absorption  in  hydrogen  and  water 
vapor/hydrogen  atmospheres.  Such  coatings  would  have  to  be  tested  in  these 
atmospheres  at  high  pressures.  A  number  of  factors  determine  the  suscepti¬ 
bility  of  metals  to  hydrogen  embrittlement,  and  many  of  these  factors  ore 
a  function  of  alloy  content.  Therefore,  through  alloying,  the  effect  of 
hydrogen  on  the  properties  of  columbiiun  and  tantalum  can  at  least  be  de¬ 
creased  and  thereby  reduce  the  demands  placed  on  the  hydrogen  barrier 
coatings.  Results  of  qualitative  studies  at  Eocketdyne  indicate  that 
thermal  diffusion  of  hydrogen  from  hi^-temperature  to  low-temperature 
regions,  where  the  effect  of  the  hydrogen  is  more  severe,  may  be  a  seri¬ 
ous  problem  and  will  require  quantitative  studies.  Clarification  of  the 
mechanisms  of  hydrogen  embrittlement  of  columbium  and  tantalum  would  aid 
in  indicating  methods  of  reducing  the  embrittling  efftets  of  hydrogen. 

In  addition  to  the  studies  on  columbiiue-  and  tantaliun-base  alloys,  the 
behavior  of  molybdenum-  and  timgsten-base  alloys  in  H^O/Hg  environments 
requires  investigation. 


54 


sgyimm 

1.  Walter,  R.  J.:  The  Coluabiutt^Hydrogen  System  wid  Hydrogen  Babrittle- 
ment  of  Columbium,  Research  Report  64-6,  Rocketdyne,  a  Division  of 
North  American  Aviation,  Inc.,  Canoga  Park,  California,  February  1964. 

2.  Battles,  J.  E.  et  al.:  "Research  on  the  Oxidation  Behavior  of  Tungsten," 
ARL  62-324.  April  1962. 

3.  Lysyj,  I.;  "Apparatus  for  the  Daterminacion  of  Water  Para  Isomer 
Ratio  and  the  Detection  Impurities  in  Cj.yogenic  Samples  of  Hydrogen," 

ISA  Proceedings.  1963. 

4.  Walter,  R.  J.  and  W.  T.  Chandler:  "Compatibility  of  Tantalum  and  « 
Columbium  Alloys  with  Hydrogen."  AI4A  Journal.  Vol.  4,  No.  2,  1966, 

302-307. 

5.  Walter,  R.  J.  and  W.  T.  Chandler,  "Columbium-l^drogen  Constitution 
Diagram,"  Trans,  of  Met.  Soc.  of  AIME.  Vol.  233.  April  1965»  762-765. 

6.  Walter,  R.  J.  and  H.  G.  Offner;  "Determination  of  Hydrogen  in  Niobium," 
Analytical  Chemistry,  Vol.  36.  August  1964,  1779-1781. 

7.  Albi’echt,  W.  M.,  W.  D,  Goode,  and  M.  W.  Mallett:  "Reactions  in  the 
Niobium-Hydrogen  System,"  Journal  of  the  Electrochemical  Society, 

Vol.  106,  November  1959,  981-986. 


55 


I 


vmumifim _ 

Secudlir  ^MisUiCBiion 

BQCmm  COHTSOL  9ATA  •  S«.S 

($9crfftty  eU»9lfi$ttHsn  ##  »/  ^  mhstt  ihs  0vr^f  f9pm**  <# 


|2«  tscufUTr  e 


Eocketdyne,  a  Diviaion  of  North  American  Aviation,  UNCLASSIFIH) 
Inc.,  6635  Canoga  Avenue,  Canoga  Park,  California  1*  aaou^ 


1 1  neeoRT  TITLE 


EFPKT  OF  WATER  VAPOH/iriDROGIN  BVNIRONMENTS  ON  COEUMBIUM  ALLOTS 

4  OESCRIPTIve  NOTES  (Tyif*  ot  nftci  tnd  lnelutiv0  Osltt)  ' 

Final  Report  -  1  July  1963  to  10  June  1966 _ 

t  AUTHONTS;  ^La«<  n«m*,  nratnaeia,  inlllml) 

hTalter,  R.  J. ,  Ytterhus,  J.  A.,  Lloyd,  B.  D. ,  and  Chandler,  W.  T. 


«.  RCeOKT  OATC 

APMI#-TRr-66  July  I966 

•  «  CONTRACT  on  anANT  NO. 

AF33(615)-2854 

b  nnojKCT  NO. 

7351 

«  Task  Number: 

735101 


T«.  TOTAi.  NO.  oa  aAoc*  7>.  NO.  or  nart 

65  7 

f  A.  ONKINATON't  NcrONT 

H-6573 


tb.  jiTHBn  N^roNT  He($)  (Any  eUtttnumbtn  ti»l  may  bn  •»§l0tt4 


10  availasility/limitation  NOTicii  This  document  is  subject  to  special  export  controls 

ind  each  transmittal  to  foreign  governments  or  foreign  nationals  may  be  made  only 
irith  prior  approval  of  Metals  and  Ceramics  Division,  M.\M,  Air  Force  Materials 
Laboratory, Wright-Patterson  AFB,  Ohio,  45435. _ 

11  SoeeLfMiHTASV  HOT«  U  leONIOSIMO  MILITARY  ACTIVITY 

aimlCmamp) 

Wright-Patterson  AEB,  Ohio,  45433 

I)  A8STAACT 

The  results  of  an  experimental  investigation  of  the  effect  of  water  vapor/ 
hydrogen  environments  on  the  mechanical  properties  of  columbium  and  the  3-66 
columbium  alloy  are  presented.  Tensile  tests  were  conducted  on  specimens  of 
these  materials  in  water  vapor/hydrogea  environments  with  H_0/H_  mixture  ratios 
of  1  and  3. 

This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Metals  eind  Ceramics  Division,  MAMP,  Air  Force  Materials  Laboratory, 
Wright-Patterson  Air  Force  Bass,  Ohio,  45453. 


DD  1473 


PKCIASSinED 
Security  Classification 


^ICiJSSIFIO) 


Seeutity  Cisifiification 


Vfater  Vapor 
Hydrogen 
Columbium 
Tensile  Tests 


LiMK  •  I  LIUKC 


MOI.C  I  »rT  I  noLC 


INfTRUCTIONt 


1.  ORtaiNATINO  ACTIVITY-  Entvr  the  nam*  and  •ddrMi 
o(  tha  contractor,  aubcontradtor,  (rantaa,  Dapartmtat  of  0*- 
fanaa  activity  or  othar  erganlaatlon  feoipor»t0  miltwf)  laauine 
tha  raport. 

2a.  REPORT  SECUHTY  CLASIIFICATION:  Sntar  tha  ova^ 
all  aacurlt-/  ctaaaKicatlon  ot  Uia  raport,  Indlcata  whathar 
"Raatrlctad  Data"  la  Includad,  Marking  la  to  ba  In  aceerd- 
anca  with  approprlata  aacurlty  raguletlona, 

2b.  GROUP:  Automatic  downgrading  la  apaelflad  In  DoD  01* 
ractlva  S200. 10  and  Armad  Porcaa  Induatrlal  Manual,  Entar 
tha  group  numbar.  Alao,  whan  applleab{a,  ahow  that  optional 
marklnga  hava  baan  uaad  for  Croup  3  and  Croup  4  aa  author* 
itad. 

3,  REPORT  TITLE:  Entar  tha  cemplbt*  rapoit  tltlr  in  all 
capital  lattara,  Tltlaa  m  ail  caaaa  should  ba  unelrialflad. 

If  a  maanlngful  tltla  cannot  ba  sat  acted  without  elasslflca* 
tion,  show  tltla  elaaalflestlan  In  all  capitals  In  psranthasla 
immadlataly  following  tha  title, 

4,  DSdCRIPTlVE  NOTE»  If  approprlata,  enter  tha  typr  o.' 
raport,  s,g,,  Intarim,  progrssa,  summary,  annual,  or  firiA, 

Oiva  tha  Inclualva  datoa  whan  a  apaclflc  reporting  period  la 
covered, 

5,  AUTHOR(I):  Entar  tha  namafa)  of  authoKa)  aa  ahown  on 
or  In  tha  report,  Entai  taat  name,  flrat  name,  middle  Initial, 

If  military,  show  rank  and  branch  of  asrvlca,  Tha  name  of 
tha  principal  author  la  an  absolute  minimum  rsgulramant, 

6,  REPORT  DATD  Entar  tha  data  of  tha  report  aa  day, 
month,  year,  or  month,  yasn  If  more  than  one  data  appears 
on  tha  report,  use  data  of  publication, 

7a.  TOTAL  NUMBER  OP  PACES:  The  total  page  count 
should  follow  normal  pagination  procaduraa,  ha,,  enter  tha 
number  of  pages  containing  Information, 

'  7b.  NUMBER  OP  REPERENCE*  Enter  tha  total  numbar  of 
rafarancaa  cited  In  tha  raport, 

(a.  CONTRACT  OR  GRANT  NUMBER:  If  approprlata,  enter 
tha  applicable  numbar  of  tha  contract  or  grant  under  which 
tha  raport  was  wrlttaiu 

lb,  Ic,  b  Id.  PROJECT  NUMBER:  Entar  tfia  appropriate 
military  department  Idvvntlflcatlon,  such  aa  project  number, 
subproject  number,  syitam  numbers,  task  numbar,  etc, 

9a.  ORIOINATOR'I  REPORT  NUMBERCI):  Enter  tha  ofA- 
olal  raport  numbar  by  which  tha  document  will  be  Identified 
and  controlled  by  tha  originating  activity.  This  numbar  must 
ba  unique  to  this  raport. 

9b.  OTHER  REPORT  NUMBER(I):  If  tha  raport  has  baan 
aaaignad  any  other  raport  numbers  fa/rhar  by  (ha  orlglnalor 
or  by  (ha  aponaorj,  alao  entar  this  numbaKa). 

10.  aVaILABILITY/LIMITATION  NOTICE!:  Entar  any  llm* 
ttatlona  on  furihar  dlaaamlnatlon  of  tha  raport,  other  than  thcJs 


imposed  by  security  clsaslflcation,  using  standard  statamants 
such  aa: 

(1)  "^allflad  raquaatsrs  may  obtain  capias  of  this 
raport  from  DDC" 

(2)  "Poralgn  announcamant  and  dlssamlnatlon  of  this 
raport  by  ODC  la  net  autheriasE  " 

(3)  "V.  E  Oevammant  aganclas  may  obtain  copies  of 
this  raport  directly  from  BDC.  Other  qualified  DOC 


this  raport  directly  from  DDC. 
usara  ahalt  raquaat  through 


"U.  I.  military  eganelaa  may  obtain  capias  of  this 
report  directly  from  DDC  Othar  qualified  uaars 
shall  request  through 


(S)  "All  distribution  of  thla  raport  la  eontmllad  Qual* 
Iflad  DOC  usara  shall  raquaat  through 

_ 

If  the  rapoit  has  bean  furiUshsd  to  tha  Office  of  Technical 
■arvlcas.  Department  of  Commerce,  for  sale  to  tha  public,  Indl* 
cate  thla  fact  and  enter  tha  price.  If  knovm, 

IL  iUP^LEMENTARY  NOTES:  Use  for  additional  asplana* 
tory  netaa. 

U  SPONSORING  MIUTARY  ACTIVITY:  Enter  tha  name  of 
the  dapartmantal  project  ofAca  or  laboratory  sponsoring  (psy 
Ini  lor)  tha  lasaerch  and  davalopmsnt  Include  addraas, 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  tha  document  Indicative  of  tha  report,  even  though 
It  may  alao  appear  olaowhars  In  tha  body  of  tha  technical  re, 
port.  If  additlor,al  specs  la  required,  a  continuation  shaat  shall 
ba  attached. 

It  la  highly  desirable  that  tha  abstract  of  claaaiflad  reports 
ba  unelsaslfled.  Each  paragraph  of  tha  abstract  shall  and  with 
an  Indication  of  tha  military  aacurlty  claaalflcatlon  of  tha  in¬ 
formation  In  tha  paragraph,  raprassntad  as  (Ti).  IS),  (C).  or  (V) 

Thera  la  no  limitation  on  tha  length  of  tha  abstract.  How- 
avar,  tha  auggaatad  length  la  from  ISO  to  223  words. 

14.  KEY  WORDf:  Key  words  are  technically  meaningful  terms 
or  short  phraass  that  eharactarlaa  a  raport  and  may  ha  uaad  as 
Indsa  antrea  for  eotaloglng  tha  raport.  Kay  words  must  be 
oalactad  so  that  no  aacurlty  classification  la  required.  Idantl- 
fiara,  such  aa  aqulpmant  modal  designation,  trade  name,  military 
project  codi  name,  geographic  location,  may  uaad  aa  key 
words  but  will  be  follocfad  by  an  Indication  of  tachnicai  con¬ 
test.  The  ssel^.-aant  of  links,  rules,  and  weights  la  optional. 
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